Copy neutral segments with allelic homozygosity, also known as regions of homozygosity (ROHs), are frequently identified in cases interrogated by oligonucleotide single-nucleotide polymorphism (oligo-SNP) microarrays. Presence of ROHs may be because of parental relatedness, chromosomal recombination or rearrangements and provides important clues regarding ancestral homozygosity, consanguinity or uniparental disomy. In this study of 14 574 consecutive cases, 832 (6%) were found to harbor one or more ROHs over 10 Mb, of which 651 cases (78%) had multiple ROHs, likely because of identity by descent (IBD), and 181 cases (22%) with ROHs involving a single chromosome. Parental relatedness was predicted to be first degree or closer in 5%, second in 9% and third in 19%. Of the 181 cases, 19 had ROHs for a whole chromosome revealing uniparental isodisomy (isoUPD). In all, 25 cases had significant ROHs involving a single chromosome; 5 cases were molecularly confirmed to have a mixed iso-and heteroUPD15 and 1 case each with segmental UPD9pat and segmental UPD22mat; 17 cases were suspected to have a mixed iso-and heteroUPD including 2 cases with small supernumerary marker and 2 cases with mosaic trisomy. For chromosome 15, 12 (92%) of 13 molecularly studied cases had either Prader-Willi or Angelman syndrome. Autosomal recessive disorders were confirmed in seven of nine cases from eight families because of the finding of suspected gene within a ROH. This study demonstrates that ROHs are much more frequent than previously recognized and often reflect parental relatedness, ascertain autosomal recessive diseases or unravel UPD in many cases.
INTRODUCTION
Oligonucleotide single-nucleotide polymorphism array (oligo-SNP) is an important diagnostic tool to identify both copy number variants (CNVs) and regions of homozygosity (ROHs) in patients with a wide variety of clinical indications. These ROHs are often unexpected and in many cases the clinical significance remains to be determined. Long contiguous ROHs may arise by a number of mechanisms. These include parental relatedness (or consanguinity) and chromosomal recombination or rearrangements. Depending on chromosomal distribution and cumulative extent, it may indicate background ancestral homozygosity, uniparental disomy (UPD) or parental consanguinity. [1] [2] [3] [4] Small random ROHs exist in all populations, including outbred cosmopolitan ones, and are believed to be a reflection of recombination rates and population history. A recent study using HapMap trios aimed at determining the prevalence of UPD in the general population suggested the existence of segmental UPD in 1 per 173 births (B0.6%) in the random population. 5 Such regions are usually o4 Mb as a contiguous stretch of the genome, particularly in outbred cosmopolitan populations according to a study of European populations. 6 In rare instances, ROH over 10 Mb as a single contiguous stretch has also been encountered and reported in certain individuals from different populations (Japan and Nigeria). 3 In addition to their clinical significance, the presence and extent of ROHs in a community or population mirrors the genetic structure and diversity of the population. It is now recognized that the effect of ROHs is not only significant for monogenic recessive disorders, but there is a role for recessive variants in complex genetic disorders. [7] [8] [9] When the regions with allelic homozygosity occur on multiple chromosomes, autozygosity resulting from inheritance of the genomic segment from parents who inherited it from a common ancestor is the most likely cause (a situation referred to as identity by descent (IBD)). In contrast, when such regions are restricted to a single chromosome, the possibility of UPD should be considered.
A recent clinical report of B3000 cases studied by SNP array identified 59 (2%) cases with ROHs 1 that predicted the degree of parental relatedness and aided the diagnosis of autosomal recessive diseases in two families; however, cases with UPD were not documented in this study. Another study of over 13 000 samples with developmental delay focused on the study of UPD only, with identification of 16 cases with isoUPD, 19 cases with hetero-isoUPD and 3 cases with segmental UPD. 4 There was no clinical study that provided an overall review of the finding of ROHs for all these three categories, that is, parental relatedness, autosomal recessive disorders and UPD, and this may be because of a huge variation for the threshold for reporting ROHs between laboratories, 10 and a lack of recommendations regarding the standards and guidelines for documenting suspected consanguinity. 11 In this study, the largest and most comprehensive series reported so far, we report the finding of 832 (6%) cases with ROH from 805 families from 14 574 clinical cases referred to our laboratory: 651 (78%) cases with multiple ROHs and likely due to parental relatedness, and 181 (22%) cases with single-chromosome involvement. The data presented here represent the largest single collection of cases analyzed by oligo-SNP arrays leading to identification of a significant number of cases harboring clinically significant ROHs. This study further demonstrates that the identification of ROHs, in addition to CNVs, is much more frequent than previously recognized. Moreover, identification of ROHs is beginning to unravel clinically significant uniparental disomy and homozygosity for recessive disease gene mutations that would otherwise not have been suspected or identified.
MATERIALS AND METHODS Patients
Patients with a broad range of clinical indications including intellectual disability, developmental delay, multiple congenital anomalies, dysmorphic features and pervasive developmental disorders were referred to our laboratory for oligo-SNP array studies. Over 85% of cases were referred for one or more of the above clinical indications. A small percentage of cases were studied by oligo-SNP arrays following normal conventional cytogenetic studies (karyotype and/or locus-specific FISH). The data were compiled from consecutive specimens that were referred to Nichols Institute at San Juan Capistrano over 2 years. The patients were majorly from general population in the United States, with o5% from Mexico and other countries.
Microarray analysis and homozygosity (HMZ) screening threshold setting (oligo-SNP) Genomic DNA extracted from whole blood was utilized for analysis on either the Genome-Wide Human SNP Array 6.0 (40% of cases) or the CytoScan HD array (60% of cases) (Affymetrix, Santa Clara, CA, USA). The SNP array 6.0 contains 1.8 million genetic markers, including B906 600 SNPs and 946 000 probes for the detection of copy number variation. The CytoScan HD array has more than 2.67 million probes, including 1.9 million nonpolymorphic copy number probes and 750 000 SNP probes. The density of SNP coverage between the two array platforms is similar; the mean SNP probe spacing is 3 kb and 3.6 kb for SNP 6.0 and Cytoscan HD, respectively. Genomic coordinates are based upon genome build 37/hg19 (2009). Hybridization, data extraction and analysis were performed as per the manufacturer's protocols. The Affymetrix Chromosome Analysis Suite (ChAS) Software version 1.0 or 2.0 was used for data analysis, review and reporting. The screening threshold used for length of ROH detection was set at 5 Mb; additional stringent parameters used to detect only true ROH included a minimum of 50 contiguous homozygous SNPs within a window, and o5 contiguous heterozygous SNPs (within a 100-kb interval). Regions with sparse SNP density were carefully evaluated to exclude false ROH calls. Copy number data for all ROH segments were carefully evaluated to rule out copy number losses (to rule out ROH due to hemizygosity). Although no consensus opinion exists regarding ROH size cutoffs, the choice of 5 Mb as the cutoff value is primarily derived from the Figure 1 (a) A total of 14 574 cases were analyzed by oligo-SNP arrays: 9759 cases (67%) had a neutral copy number, 3362 cases (23%) had variants of unclear significance (VOUS) and 1453 cases (10%) had clinically significant copy number variations (CNVs). (b) In all, 832 cases (6%) had one or more reportable ROHs: 651 (78%) cases were interpreted as arising because of identity by descent (IBD), and 181 (22%) cases were suspected or confirmed as resulting from UPD. In cases due to IBD, 68% are copy number neutral, 25% had VOUS and 7% had clinically significant CNVs. In the cases with suspected or confirmed UPD, 58% are copy number neutral, 24% had VOUS and 18% had clinically significant CNVs. study of European populations and recent data from other laboratories. 6, 10 To avoid underestimation of the amount of ROH, the screening threshold was often varied so as not to miss ROHs just below the 5 Mb cutoff. ROH was reported as the presence of one segment of homozygosity 410 Mb or at least two ROHs 45 Mb in each region (with two or more segments on two or more chromosomes classified as IBD; and all segment(s) within one chromosome classified as possible UPD).
Quantifying ROHs and classification of degree of consanguinity
The amount of coverage of human genome in the oligo-SNP array was estimated by using the most telomeric probe for each chromosome on Cytoscan software and subtracting 180 Mb for the regions with heterochromatin around the centromeres; this was estimated to be 2700 Mb for autosomes. Except for the recurrent ROH segments, all other ROHs 45 Mb were included in the reporting. The classification of degree of consanguinity was based on the 95% confidence interval (CI) obtained using a methodology similar to the previous study from Sund et al. 
Searching for potential candidate genes in ROHs for autosomal recessive disorders
Gene content and phenotype associations for ROH segments were evaluated by utilizing the web-based Genomic Oligoarray and SNP array evaluation tool, developed and made available by Wierenga et al. 12 By entering the genomic coordinates of all ROHs in this tool (www.ccs.miami.edu/ROH), a list of the OMIM genes mapping to those particular regions, and their associated (recessive) disorders, was generated for review. 12 
RESULTS

Recurrent ROHs
Five ROHs were recurrently identified in our patient population (and normal parents in many cases) and considered as polymorphic variants and not included in the reports and calculation: 3p21. (Figure 1a) . A total of 832 cases (6%) from 805 families had one or more reportable ROHs (Figure 1b ): 548 cases with normal copy number, 79 cases with clinically significant CNVs and 205 cases with VOUS. These cases included sibling studies of a total of 50 patients from 23 families.
Of the 832 cases with ROHs, 651 (78%) cases had multiple ROHs from more than one chromosome and were interpreted as indicative of IBD. The cumulative ROHs ranged from 10.2 to 1096 Mb in size (mean ¼ 135 Mb; median ¼ 67 Mb; Figure 2 ). An estimate of the parental relatedness was determined: 31 (5%) cases with a first degree or closer kinship between the parents (see, Supplementary (Table 1a) .
Sibling studies for 50 cases from 23 families (Table 1b) showed relatively concordant results in prediction of parental relatedness in 13 families, such as family 3 (three siblings each with B876 Mb ROH or 32% HMZ in total) and family 20 with 289 Mb (10.7% HMZ) and (Table 1a) . Figure 4 ) and 4 from chromosome 9. Concurrent ROHs and mosaic trisomy for chromosomes 9 and 18 were seen in 2 cases, respectively, and could most likely be because of trisomy rescue. 13 Concurrent ROHs (mixed iso-and heteroUPD) and small supernumerary marker chromosomes were seen in two cases, from chromosomes 1 and 4, respectively. 14 The majority of cases with ROHs from chromosome 15 are due to UPD15 Among the 15 cases with ROHs from chromosome 15 alone (Table 2c) Figure 5 ). This segment includes the imprinted domain at 11p15.5 associated with BeckwithWiedemann syndrome (BWS, OMIM #130650). Methylation-sensitive multiplex ligation-dependent probe amplification (MLPA) performed elsewhere showed hypermethylation of IC1 (H19) and hypomethylation of IC2 (LIT1), consistent with mosaic paternal UPD11 and a clinical diagnosis of BWS.
Autosomal recessive disorders unmasked by ROHs
In nine patients (from eight families), identification of significant ROH followed by analysis of ROH segments for disease-causing genes helped molecular diagnosis in seven ( suspected to have mucolipidosis type II (OMIM #252500) and strongly suspected to harbor homozygous mutation in the gene N-acetylglucosamine-1-phosphate transferase, alpha/beta subunits (GNPTAB, at 12q23.2). (6) A 6-month-old male child with partial seizures, mild white matter hypoplasia with corpus callosum and enlargement of the lateral ventricles shown in brain MRI, abnormal (7) A 7-year-old female suspected to have Bardet-Biedl syndrome 4 (OMIM #209900, BBS4 gene at 15q23). (8 and 9). An additional two cases with a confirmed recessive disorder with one having segmental UPD9 and the second with whole-chromosome UPD16, respectively (Table 3 , cases 8 and 9). Case 8 is a 5-year-old girl with elevated citrullin, spastic quadriparesis, developmental delay and found to have autosomal recessive citrullinemia (OMIM #215700, argininosuccinate synthetase 1 (ASS1) gene at 9q34.11) harbored a complex abnormality involving 9q including homozygosity for the 9q21.33-qter segment. A homozygous missense mutation in the ASS1 gene (NM_000050.4:c.571G4A, [p.(Glu191Lys)]) was identified and found to have been inherited from a heterozygous carrier parent (case 4, Table 2b ). This mutation has been previously described in at least two patients with autosomal recessive citrullinemia. 15, 16 Case 9 is a 24-day-old female baby with wholechromosome UPD16 suspected to have Bardet--Biedl syndrome 2 (OMIM #209900 and 606151, BBS2 gene at 16q12.2). A homozygous frameshift mutation in exon 14 of BBS2 gene was identified and predicted to lead to a premature stop codon (NM_031885.3:c.1770delT, [p.(Phe590Leufs*8]). One parent of the proband was identified to be a heterozygous carrier for the identical mutation.
DISCUSSION
Implementation of oligo-SNP arrays has enabled simultaneous interrogation of genomic DNA for copy number variations and copy neutral regions of allelic homozygosity. The availability of this information proves invaluable in providing diagnostic information critical to the clinical evaluation of patients with constitutional genetic disorders. The cumulative extent of ROHs in any given case is determined by multiple factors such as parental relatedness, ethnicity, recombination events and chromosomal aberrations. The significance of such findings and deriving clues towards molecular testing and genotype-phenotype correlations necessitates critical evaluation of the array data in each individual case. Currently, there is no consensus regarding the threshold for identification of runs or ROHs in constitutional cases. 10 The choice of 5 Mb as the cutoff value for identification of ROHs is primarily derived from study of European populations, demonstrating that outbred individuals rarely carried ROHs over 4 Mb in size. 6 However, the cutoff value for other populations is likely to be different. 17 In this study, 832 (6% of 14 574) cases were identified to harbor one or more ROHs, and this is much more frequent than previously reported. 1 It may be because of a lower but appropriate size threshold, a larger case series or sampling of populations in this study.
The classification of degree of consanguinity for 651 cases was based on the 95% CI calculated following a methodology similar to that used in a previous small study of 59 patients. 1 The significant agreement in the predicted percentage homozygosity for the five degrees of inbreeding (consanguinity) provides strong credibility to the methodology used and, additionally, lays the basis for reaching a consensus guideline for evaluation, interpretation and reporting of ROH. It is to be noted that, despite agreement in homozygosity percentage intervals for calculating parental relatedness, the frequency of cases for each of the five degrees was somewhat different. This can be attributed to a very large number of cases in this study that would reduce the possibility of a chance occurrence. Our data set includes close to 11 times more cases with IBD (651/59), thus strengthening our predictions. There is remote likelihood that the calculated frequencies may not reflect the true degree of consanguinity for each particular family as it has been demonstrated that the frequency of consanguinity is diverse among populations, thus leading to a varied size of extended tracts of homozygosity. 3, 17 In addition to providing an estimate for parental relatedness in cases with IBD, one surprising revelation was a significant number of cases (N ¼ 31; 5%) wherein parental relatedness could be assessed to be of the first degree or closer. This level of cumulative homozygosity of 25% of the genome or greater adds a new dimension to the clinical evaluation and counseling process. It is increasingly becoming a challenge about how to respond to and counsel for such results, and a need for genetics professionals to have a guideline has been requested. 18 The ethical, legal and social outcomes that these cases present and the approaches to dealing with the same are still evolving. 18, 19 In the sibling studies, the result showed only 13 of 23 families (B57%) had a concordant result in prediction of parental relatedness. Although in some families such as family 3 (Table 1b) , three siblings had almost exact amount of ROHs (B876 Mb), for other families, ROH from one sibling alone will not reliably predict the degree of relatedness between parents. For instance, in family 10, both siblings had a very similar clinical phenotype, but the ROHs for each sibling was discrete (31 vs 395 Mb), thus precluding easy genotypephenotype correlation, or raising the possibility of nonpaternity.
Another aspect of this study is the frequency of identification of UPD (in more than 40 cases) including isoUPD (19 cases), segmental UPD (2 cases) and iso-and heteroUPD (22 cases). The major drawback to having the inclusion criteria set for at least two ROHs on two separate chromosomes, as suggested by Sund et al, 1 is likely to increase the risk of missing single-chromosomal ROH that may be due to combined iso-and heteroUPD. We demonstrated that ROHs only from a single chromosome is frequently encountered and can involve any chromosome (Table 2a) . Large chromosomes such as chromosomes 1-3 and chromosomes with imprinted genes are more frequently identified than other chromosomes. Abbreviations: ASS1, argininosuccinate synthetase 1; AUH, AU-specific RNA-binding protein; BBS2, Bardet-Biedl syndrome-2; BBS4, Bardet-Biedl syndrome-4; GHR, growth hormone receptor; GNPTA, N-acetylglucosamine-1-phosphotransferase; MCPH1, microcephalin; RFXAP, regulatory factor X-associated protein.
The ratio of both pure iso-and iso/heteroUPD15 in cases with ROH restricted to chromosome 15 is much higher than the other chromosomes (Tables 2b and c ). In the cases with ROHs from chromosome 15, follow-up molecular studies (in 13 of 15 cases) confirmed UPD15 in 12 of 13 cases and helped reach a clinical diagnosis of PWS or AS. Two cases with small ROHs (o25% of the whole chromosome) were molecularly confirmed to have PWS (Table 2b, cases 9 and 10; Table 2c , cases 10 and 11). Therefore, the size of ROH on chromosome 15 cannot be used as a reliable predictor of whether the patient had UPD15 or not. This underlines the importance of follow-up analysis for these patients even if the ROH may not be large. The HMZ segments in cases with mixed iso-and heteroUPD did not show a significantly greater concentration of HMZ segments at the subtelomeric or terminal regions. This is somewhat surprising and contrary to theoretical expectations that single-chromosome ROHs reflective of UPD would be more frequent at subtelomeric regions and signify true illegitimate meiotic recombination. 4 There does not seem to be an easy explanation for this somewhat discrepant observation and our findings need further support from additional large studies. Future studies complemented by molecular confirmation of suspected UPD cases will be valuable.
As an example, a case with 13 Mb of ROH (case 10, (Table 2c , case 8). The proband had two regions of homozygosity from chromosome 15 (a total of 47 Mb). A comparison of the genotype data between the proband and the mother disclosed both of the chromosomes 15 were inherited from the mother (UPD15mat). Molecular testing confirmed the diagnosis of PWS. Therefore, availability of parental genotype data allows imputation of parent of origin and may avoid the need for additional molecular studies in some cases.
For other chromosomes, it is likely that a significant number of these cases with ROH o25% of the whole chromosome in size and restricted to a single chromosome (although raising the possibility of segmental or whole chromosome UPD) may be coincidental in nature and molecular testing may exclude UPD (for example, case 13 in Table 2c ). However, until a substantial number of such cases are actually evaluated by molecular analysis, no conclusion may be drawn.
Cytogenetic rearrangements have been widely known to cause UPD. 13 The concurrent presence of marker chromosome or mosaic trisomy and single-chromosomal ROH aids in the diagnosis of UPD. 13, 14 Our finding also strongly supports the use of oligo-SNP arrays in the evaluation of marker chromosomes (even when mosaic) and mosaic trisomy as it may provide crucial evidence not only regarding the identity of the marker chromosome and trisomy, but also help evaluate the possibility of UPD for the chromosome of origin. In the same context, G-banded chromosome and FISH analysis may prove beneficial in cases with UPD by identifying or ruling out the presence of small marker chromosomes or mosaic trisomy. Furthermore, as shown in our study, a genotype-first approach to identification of recessive disorders is facilitated by identifying ROHs particularly in consanguineous families and those with increased risk for recessive Mendelian disorders. Selection of candidate genes for specific autosomal recessive disorders from the regions with allelic homozygosity, followed by sequencing analysis to unravel the homozygous mutations, reflects significant benefits of SNP array analysis in solving the puzzle for specific phenotypes. 1 Although it is challenging to limit the list of candidate disease genes to be considered in cases with extensive ROHs, analytical tools such as that developed by Wierenga et al 12 has proven invaluable especially when phenotypic information can be used to limit the genes/disorder to be considered. With the additional aid of whole genome or exon sequencing, this type of analysis may become the principal tool to finding molecular causes for disorders in patients with regions of allelic homozygosity.
